INTRODUCTION
============

Autism spectrum disorder (ASD) is characterized as a pervasive developmental disorder with two core symptoms: social communication deficit and repetitive or restricted behaviors or interests. These core symptoms can be observed before three years of age and individuals with autism usually show various comorbid symptoms such as epilepsy, hyperactivity, attention deficit, mental retardation, sleep problems, gastrointestinal problems, and hypo- or hyper-sensory problems, among others \[[@B1][@B2][@B3][@B4][@B5][@B6][@B7][@B8]\]. Deciphering the complexities of ASD is becoming one of the biggest challenges for many neuroscientists in the recent years. The number of patients has strikingly increased in the last ten years, and now its prevalence has reached 1 to 1.5% \[[@B9]\]. Despite its increasing prevalence, ASD is still a disorder with a poorly understood pathophysiology and sluggish drug discovery. This can be traced to the complexity of the neurobiology of higher brain functions and the limited accessibility to human brains \[[@B10]\]. Consequentially, there is only one ASD-specific drug approved by the Food and Drug Administration (FDA) to treat the irritability symptoms and, to some extent, repetitive behaviors; but not social communication problems \[[@B11][@B12][@B13]\]. Other drugs are prescribed by physicians to manage the accompanying symptoms in ASD patients such as anxiety, depression, inattention, seizures and other behavioral problems \[[@B14]\]. Addressing the heterogeneity of its symptoms may pose as a financial burden to families who are raising an autistic child.

There is substantial progress, however, in the deciphering of ASD\'s complex pathophysiology and the development of therapeutics. This can be attributed to the critical role played by the animal models. Like any other animal models of neurologic disorders, ASD animal models were developed to gain insight and make predictions of the human ASD condition \[[@B15]\]. Despite progress, the working of these animal models still manages to baffle researchers. The ease of developing these models through genetic modification and environmental exposure has not assuaged the complexity of their mechanisms \[[@B10]\]. Autism is a specific disorder in humans, and most of its symptoms can only be approximated by animal models. This prompts a need to systematically approach the development and evaluation of animal models using a scientific method to validate and consequently improve the confidence in a model.

Chadman \[[@B16]\] and van der Staay \[[@B17]\] summarized the goals of animal models into (a) validating the hypotheses about the mechanisms underlying the disease and (b) evaluating the translational benefit of the therapeutics for the disease. To meet these purposes, an animal model must qualify on several criteria: most commonly, construct, face, and predictive validity \[[@B10]\]. The strength of the model then can be deduced from the commonalities between the animal model and the human disease based on these criteria of validity. The animal model is also further tested with the criteria of reliability, whether quantitative measures agree with the standard statistical analyses, and replicability, whether results can be reproducible in the same laboratory and other laboratories \[[@B15]\]. A number of animal models of ASD exist and are currently being used as a tool in understanding the mechanisms of the disease. Belzung et al \[[@B18]\], in a review, listed four categories of ASD animal models: models of neuropeptide abnormalities, models mimicking epigenetic marks that increase autism risk in humans, models of neonatal lesions on brain areas affected in individuals with autism, and models of human genetic diseases associated with autism. Rodent models of neuropeptide deficit suggest that structurally related neuropeptides oxytocin and vasopressin may play a vital part in processing social cues and social bond formation in both humans and rodents \[[@B19]\]. Substances which cause possible epigenetic modifications such as valproic acid, thalidomide and 5-methoxytryptamine (5-MT) are also used to generate models of autism. Maternal immune activation is also gaining popularity recently, and substances like poly(I:C) are administered to mimic viral infection in pregnant mouse dams \[[@B20]\]. Also, early lesions at different time points in the neonatal period and at different brain areas resulted into animal models showing symptoms reminiscent of ASD.

Within the last decade, the number of researches using the prenatal (or early postnatal) valproic acid (VPA) exposure animal model is increasing. Our laboratory has also given special attention to this model for its strong etiologic relevance \[[@B21][@B22][@B23][@B24]\] and for its versatility. Clinically, VPA is a medication used for epilepsy and mood swings. However, the use of VPA during childbearing years, and particularly during early pregnancy, is of concern. For years, it has been associated with various teratogenic effects and, more recently, increased risk of autism. Reported clinical trials have caused a ripple of pre-clinical studies using VPA to induce autism-like behavior in rats and mice. Recently, Roullet et al. \[[@B25]\] extensively reviewed clinical and animal studies probing *in utero* exposure to VPA and further noting four factors (dose, frequency of exposure, time window of treatment, and sex differences) as essential components of the animal model. Another comprehensive review \[[@B26]\] delineated the epidemiological evidence which links VPA to ASD. The review also described how prenatal VPA exposure could lead to accelerated or early brain overgrowth and the generation of hyperexcitable neurons-the possible pathophysiological links to ASD. In the current review, we took a closer look at the VPA model of autism and weighed various evidences that may or may not confirm it as valid animal model of autism ([Fig. 1](#F1){ref-type="fig"}).

CONSTRUCT VALIDITY
==================

The first on the list of criteria is construct validity. Construct validity relies on the degree of similarity between the mechanisms underlying the animal model and human disease. This requires that the rationale of the behavioral and biological factors underlying the disorder to be similar between animal models and human patients \[[@B27][@B28]\]. Argued by some to be the most important criterion for animal models \[[@B15]\], construct validity points to the soundness of the established empirical and theoretical relationship of the model to the disease being modeled, rather than the determined causation between a test and an accepted scale \[[@B17]\]. Therefore, the validity provided by a model\'s construct becomes the framework for interpreting data generated by the other two criteria of validity. Whether one agrees that construct validity is the most important criterion or not, it is critical to be circumspect about the relationships of the manipulations and the measurements to the animal model being tested \[[@B29]\].

Considering human evidence of autism followed by an early teratogenic insult from VPA, Rodier et al. \[[@B30]\] first developed an animal model of autism by exposing rats to VPA *in utero* . This model gained more stability from data showing some children prenatally exposed to VPA suffering from fetal valproate syndrome, with some of them ultimately diagnosed with ASD \[[@B31][@B32]\]. While autism can be argued as a multifactorial disease, the VPA model effectively mimics an aspect of its etiology. Though finding the exact causation and mechanism of autism is still a huge challenge yet to overcome, the pathogenesis of autism via VPA induction can be theoretically and, somehow, empirically traced in a number of intersecting pathways ([Table 1](#T1){ref-type="table"}).

Oxidative stress
----------------

Studies have supposed that oxidative stress could have down-regulated redox-sensitive enzymes involved in a mechanism called the methionine cycle \[[@B33][@B34]\]. Disruption of this cycle results to decreased synthesis of cysteine and glutathione, thereby disabling normal antioxidant activity \[[@B35]\]. One study \[[@B35]\] observed lower redox ratio of reduced glutathione to oxidized glutathione (consistent with oxidative stress) in children with autism compared to control children. Furthermore, erythrocyte and plasma level of glutathione peroxidase (GSH-Px) activities are lowered in children with autism which have led to the ineffective removal of H~2~O~2~ and increased production of highly reactive hydroxyl radicals. ASD patients also have decreased erythrocyte SOD activity that further implies impaired antioxidant defense mechanism \[[@B36]\].

Ornoy \[[@B37]\] has suggested that VPA may create specific embryonic changes and that fetal brains in animals are more sensitive to increments in reactive oxygen species (ROS) than any other fetal organs. This susceptibility to oxidative stress combined with immature embryonic antioxidant defense system may contribute to the resulting teratogenic effect of VPA. Moreover, a study in mice demonstrated that VPA exposure resulted in an increased expression of apoptotic markers \[[@B38]\]. These markers were more visible in the neuroepithelium and were postulated, along with altered embryonic signaling, to be the underlying cause of neural tube defects (NTDs) in the offspring. Also, antioxidants, such as vitamin E and ascorbic acid, which were given as a pretreatment or supplement have been demonstrated to attenuate VPA-induced fetal toxicity and malformations \[[@B39][@B40]\]. Conformingly, increased oxidative stress was also demonstrated in young children treated with VPA \[[@B41]\]. However, there seems to be no proof yet that embryonic or fetal oxidative stress can be directly induced by VPA.

Histone deacetylase inhibition
------------------------------

Another factor gaining attention is the inhibition of histone deacetylase (HDAC), a negative regulator of gene expression, by VPA. A recent study \[[@B42]\] showed that VPA exposure causes a transitory increase in acetylated histone levels in the embryonic brain of mice. This transient hyperacetylation causes an increase in apoptotic cell death in the neocortex and a decrease in cell proliferation in ganglionic imminence. The mice subjected to this study also showed behavioral alterations reminiscent of autism-like behaviors. A study of human embryonic cells demonstrated that VPA inhibits nuclear HDAC activity *in vitro* and causes hyperacetylation of endogenous targets of HDACs \[[@B43]\]. However, whether these *in vitro* effects of VPA are sufficient to explain its *in vivo* mechanism remains unclear. Still, these studies indicate that inhibition of HDAC may be one of the many mechanisms of VPA-induced autism.

Our laboratory\'s work is currently focused on the downstream signaling pathways involving the HDAC inhibitory action of VPA when exposed prenatally to rats. Firstly, after demonstrating that prenatal VPA exposure causes ASD-like behavior phenotypes in the rat offspring \[[@B23]\], we found that these ASD-inducing effects could be traced back to the acetylation of gene promoter regions in the embryonic brain after VPA exposure. Indeed, VPA injection at embryonic day 12 (E12) induced the increased acetylation of Pax6 promoter region of embryonic brains, which caused early and transient overexpression of paired box 6 (Pax6), a gene implicated in sequential glutamatergic differentiation \[[@B44]\]. As a result, glutamatergic transcription promoters, such as Ngn2, Tbe2, and NeuroD1, were sequentially overexpressed after Pax6 initiation, leading to the increased markers of glutamatergic neurons during development \[[@B24]\]. Further confirming these results are the reduced sequential expression of glutamatergic precursors and reduced neuronal markers as a result of the knockdown of Pax6 through RNA interference using siRNA. Also, to justify that the HDAC inhibition of VPA causes Pax6 overexpression, we demonstrated that valpromide, a VPA analog without HDAC inhibitory property, did not initiate Pax6 overexpression in the embryonic brain \[[@B24]\]. Kataoka et al. \[[@B42]\] also demonstrated similar results where VPA prenatal exposure in mice, and not valpromide, initiated a transient histone hyperacetylation in the embryonic brain.

Overall, the role of the HDAC inhibitory activity of VPA has been elucidated in our studies. Various avenues for pathophysiologic tracing can be inferred, with some genetic and, even, epigenetic changes discovered in the VPA model. These areas are essential for the development of ASD therapeutics. For example, based on the increased glutamatergic differentiation in VPA-exposed animals, one can assume that glutamatergic antagonist may have therapeutic potential in this model. Actually, treatment with NMDA receptor antagonists MK-801 and memantine rescued the social impairments and electric seizure sensitivity in the VPA-exposed offspring \[[@B24]\]. Thus, genetic analysis and imaging studies in humans combined with preclinical results in the VPA animal model would be helpful tools to develop patient-specific therapeutics for ASD.

Another important finding from the VPA animal model is the gender bias of ASD phenotypes to the male offspring \[[@B21][@B22]\], which also mimics the clinical prevalence. Only male offspring showed social impairment, decreased electroseizure threshold and some hyperactivity behaviors \[[@B22]\]. Interestingly, the brains of VPA-exposed male offspring, but not females, have significantly lower MeCP2 expression compared to control levels \[[@B21]\]. The abrogation of MeCP2 expression has been associated with Rett syndrome, which shows ASD-like behavioral phenotypes. Again, we scrutinized that the HDAC inhibitory action of VPA is to be blamed for the decreased MeCP2 expression by testing VPA and its analogs for direct targeting to this gene. Indeed, all VPA analogs, except valpromide which lack HDAC inhibition, reduced the MeCP2 levels *in vitro*. Further investigation led to a conclusion that VPA exposure in male offspring led to time-specific increases in postsynaptic density as well as excitatory neuronal markers within four weeks of age, which can be rooted to changes in MeCP2 levels \[[@B21]\].

Excitatory/inhibitory (E/I) imbalance
-------------------------------------

Since its introduction, the E/I imbalance has been a highly recognized theory in ASD based on clinical and preclinical evidences \[[@B45][@B46][@B47]\]. Many genetic and environmental factors target specific or general neural system that partly or wholly involves the dysregulation of synaptic formation and transmission \[[@B48][@B49][@B50]\], another potential unifying explanation for the complexity of ASD \[[@B51]\]. Of interest, the VPA animal model substantially supports this theory as observed in our studies and in others \[[@B21][@B24][@B48]\]. We have explored various pathways in which VPA can induce impairments in neural development, and all those pathways led to the increased glutamatergic neuronal density of the rat brain. This finding was evidenced by macrocephaly, increased neuronal number, and increased protein markers such as PSD95, α-CaMKII, NMDA and AMPA receptors in postnatal VPA rat brains \[[@B21][@B22][@B24][@B52][@B53]\]. Fukuchi et al. conducted a microarray analysis in cultured rat cortical neurons after treatment with VPA and found hundreds of genes that were affected, either up- or down-regulated \[[@B48]\]. Of particular interest, developmental genes such as BDNF and GABAARA4, involved in epileptogenesis, were upregulated; whereas genes responsible for GABAergic inhibitory neuronal development were downregulated \[[@B48]\]. The VPA animal model, aside from genetic models, is shedding light on the E/I imbalance observed in autism and offers good ground for therapeutic development.

In a study wherein fresh frozen brain tissue from the anterior cingulate cortex (ACC) of diagnosed autistic patients underwent multiple-concentration binding assay, a significant decrease in the mean density of GABAA receptors in the supragranular and infragranular areas of ACC was observed. The authors suggested that this finding might be a result of the increased GABA innervation and release \[[@B54]\]. The same reduction in GABA receptors are also found in the hippocampus \[[@B55]\], indicating widespread GABA receptor abnormalities in ASD.

Hyperserotonemia
----------------

Hyperserotonemia in autism, a very appealing hypothesis, might also add to the strength of the construct validity of the VPA model. It is considered by many researchers to be the most commonly observed and well-replicated change in autism \[[@B56]\]. At the early stages of development, high plasma levels of serotonin may enter the brain of a developing fetus as blood brain barrier is not yet completely developed. In fact, synthesis of serotonin is high in normally developing young children followed by a slow decline. However, this appears to be defective in individuals with autism such that serotonin levels remain high in their brains \[[@B57]\]. These high levels of serotonin cause a loss of serotonergic terminals through negative feedback, subsequently disrupting serotonergic functions. In pregnant rats exposed to VPA on E9, serotonergic neurons were observed to have abnormally developed in the dorsal raphe nucleus of the offspring at postnatal day 50 \[[@B58]\]. In the same study, in vitro observations showed VPA\'s disrupting effect on the maturation of serotonergic neurons from embryonic stem cell-derived neuronal progenitors. In a study using SD rats, platelet-rich plasma serotonergic concentrations were found out to be approximately two to three times higher in the VPA-treated group than in the control group. Aside from hyperserotonemia, the study also demonstrated increased serotonin in the hippocampus and increased dopamine in the frontal cortex \[[@B59]\].

FACE VALIDITY
=============

Face validity insists on the recapitulation of disease endophenotypes to be modeled in animals. Behavioral symptoms, neuropathology, neurophysiological functioning, and neurochemical alterations are examples of endophenotypes or given markers that can be modelled by animals \[[@B16]\]. The similarity of these markers is considered as an initial step in identifying potential animal models of neuropsychiatric disorders \[[@B60]\]. However, it is difficult to precisely reproduce a single behavior modeling the human situation, let alone the entirety of the endophenotypes \[[@B10]\].

Van der Staay \[[@B15]\] contested that less importance should be placed on face validity as a criterion for evaluating animal models, citing various factors that may affect the consequences of animal behavior. Even if an animal model has strong face validity, predictive and construct validity must still be established from the model through scientific process \[[@B60]\]. Most of the time, face validity is challenged, leaving the authors the burden to support its proposed legitimacy.

Autism is diagnosed by two behavioral criteria: (a) persistent social communication and interaction deficits and (b) restricted, repetitive patterns of behaviors, interests, or activities \[[@B61]\]; along with other comorbid traits. Moreover, children with fetal valproate syndrome (FVS) were reported to have demonstrated social deficits and spontaneous stereotypy \[[@B31][@B62][@B63][@B64]\]. Belzung and Lemoine \[[@B65]\] proposed that for any animal model to be labeled as a model of autism, the animal must mirror two mentioned core aspects of the symptomatology, at least. Of interest, when VPA was administered to pregnant rats at E12.5, it induced reduced social interaction \[[@B23]\] and stereotypic-like hyperactivity behavior in the offspring \[[@B66]\].

Impaired reciprocation of social and communication stimuli
----------------------------------------------------------

Impairment in social interaction is already widely recognized as the first defining feature of autism \[[@B67][@B68]\], and it was a study in 1979 that first characterized the quality of social interaction of children with autism, along with impaired speech \[[@B69]\]. When exposed in a social situation, children with autism showed impaired orienting ability of the social stimuli \[[@B70]\], in which two of the most common features are impaired joint attention/engagement and lack of interactive skills to peers and family \[[@B71]\].

Rodents are social species. They are popular subjects for social tests because of their high levels of social interaction and exploration \[[@B72]\]. Crawley et al. \[[@B73]\] reasoned that a quantitative measure of social interaction is an essential factor in establishing an animal model of autism. From a pool of existing literature to score social interaction in animals, Crawley introduced an assay that measures the tendency of the mouse to engage in social interaction with a stranger animal. In a three-chambered apparatus, the mouse is allowed to explore a novel object (wire cage) and a stranger mouse, inside a wire cage placed separately at both ends of the chamber. The time spent in each chamber and time sniffing the wire cage or the caged animal is measured. This set-up prevents direct physical contact between the tested animal and the stimulus animal to measure solely the former\'s sociability. Bambini-Junior et al., as well as our laboratory, adapted this assay to measure the social interaction and social preference in rats \[[@B22][@B74]\]. Results from our studies \[[@B22][@B23][@B24]\] showed marked decreases in social interaction of VPA-treated rats, consistent with other findings \[[@B42][@B75]\].

Schneider et al. \[[@B66][@B75]\] compared sociability of VPA-treated adult and adolescent rats to unfamiliar animals in an open field arena. They reported a decrease in the number of play behavior in VPA adolescent rats while decreased latency to engage in social behavior and reduced social exploration in VPA adult rats. In mice, some social tests were performed in an open-field arena with novel objects or stranger mice as subjects for exploration \[[@B42][@B76]\]. Results indicated a reduction of social behavior and preference. Our VPA-exposed mice model also showed reduction in sociability and social preference in the three-chamber social approach assay \[[@B77]\]. Additionally, Roullet et al. \[[@B78]\] performed a modified three-chamber social assay in mice and observed a reduced sociability behavior and a decrease in the total number of nose poke in the preference for social novelty.

On the other hand, measurement of verbal communication ability in rodents is virtually impossible. Since animals don\'t use organized language the way humans do, designing a tool to evaluate communication between animals is challenging. Interestingly, researchers were able to identify that rodents emit some frequency of ultrasonic vocalizations (USV) when they communicate, and these frequencies could vary depending on age, emotional state and environmental factors \[[@B79]\]. It was discovered that pups emit 40-kHz USV when separated from their dams while adult rats emit a low frequency of 22-kHz when they detect danger or aversion and a high frequency of 50-kHz for positive or non-aversive conditions \[[@B79]\]. Through tools measuring the frequency of vocal emissions, researchers can identify whether a certain pup or adult rat is initiating a social response. Indeed, one of the few studies, which measured USV in mice prenatally exposed to VPA, observed disruptions in USV during infancy and adult periods \[[@B76]\]. In the updated DSM-V criteria for diagnosing ASD, social behavior and communication are already considered a combined category where communication can be under the umbrella of the broader aspect of socialization. Thus, the use of USV measurement tool can supplement the results for social behavior assays in VPA animal models.

Repetitive behavior
-------------------

Diagnoses agree that all individuals with autism display repetitive behaviors including stereotypy, compulsions, obsessions, and echolalia, among others \[[@B80][@B81]\]. Though repetitive behaviors are not specific to autism, individuals with autism are found with increased severity of compulsions, self-injury \[[@B81]\], stereotypies \[[@B82]\], and sameness of behavior \[[@B83]\]. The overall severity of autism is positively correlated with the overall severity of these behaviors. Also, the heterogeneity of the phenotypes of autism creates a variation of symptoms in every individual \[[@B84]\]. Lam et al., has described the clusters of repetitive behaviors in autism as being associated with distinct profiles of other symptoms \[[@B85]\]. Despite the significance of these features in the disorder, there is still a general wanting of a systematic study of abnormal repetitive behaviors in ASD.

Schneider et al. \[[@B75]\] observed an increase in repetitive/stereotypic-like activity in male VPA rats, described as repeatedly making and breaking of the same photo beam for the time interval of 1/10^th^ of a second when placed in a 44×44 cm cage. In another study, VPA-treated rats also demonstrated increased re-entry of the same previously explored arm in a Y-maze, indicating repetitive tendencies \[[@B86]\]. Repetitive tendencies were measured in the spontaneous alternation paradigm. The test is divided into two trials. The first trial allowed the rat to enter either arm, without reward, and stay for 5 s. The rat is then returned to the start arm, and subsequent arm choice was recorded for the second trial. VPA-treated mice were also observed to display increased repetitive-stereotyped movements \[[@B87]\] and self-grooming time \[[@B76][@B88]\] in an open field. Increase in marbles buried was exhibited by VPA-treated mice in the marble-burying test, indicating repetitive motor behavior \[[@B88]\]. Remarkably, prenatal VPA exposure induces varying degrees and types of repetitive behaviors in animal models which validates an important behavior marker in clinical autism.

Comorbid traits
---------------

In ASD, both the severity of the core symptoms and the strength of associated comorbid traits have high degrees of variability. Although comorbidities are prevalently seen in individuals with ASD, studies in animal models are more focused on the actual core symptoms of the disease \[[@B89]\].

Anecdotally, patients with autism are said to be hypersensitive to touch. A study done by Cascio et al. \[[@B8]\] reported normal perception of light touch and sensations of warm and cool, but enhanced sensitivity to vibration and thermal pain in the participating adults with high-functioning autism. Impairments in auditory temporal processing was also seen in children with ASD as evidenced by their higher thresholds on the auditory temporal order judgment task \[[@B90]\]. Interestingly, epilepsy is considered variable in autism. However, current reports revealed 25% of ASD patients have comorbid epilepsy \[[@B1]\] and occurs more commonly in autistic patients with intellectual disability \[[@B91]\].

Constipation and chronic diarrhea are the two most frequently reported gastrointestinal problems in children with ASD, with parents reporting significantly more GI problems in children with familial ASD than in their unaffected children \[[@B7]\]. Accordingly, increased severity of autism symptoms is associated with higher tendency to developing GI problems. Finally, patients with autism may also suffer from sleeping problems, like prolonged sleep latency \[[@B4][@B5]\] and decreased sleep efficiency \[[@B5]\], even night walking \[[@B6]\].

In the VPA model of autism, animal subjects demonstrated increased tactile sensitivity, decreased sensitivity to pain, and diminished acoustic prepulse inhibition \[[@B66]\]. It also displayed a reduced threshold for electroshock \[[@B23]\] and pentylenetetrazole-induced seizures \[[@B92]\]. Kim et al. \[[@B93]\] also reported decreased thickness of tunica mucosa and tunica muscularis in the stomach and ileum of VPA-treated rats. Finally, VPA-treated rats display sleep abnormalities observed as frequent arousal during the light/sleep phase \[[@B94]\]. Similar to the variability of associated symptoms in autistic patients, the presence of other behavioral, emotional, cognitive or physical symptoms in the VPA animal model affirms its face validity.

PREDICTIVE VALIDITY
===================

Lastly, predictive validity, perhaps the most debated criterion, completes the list. Predictive validity, in general, indicates the extrapolation of human behavior through laboratory-manipulated animal behavior \[[@B28]\]. This validity can be divided into two concepts. First, according to some authors, predictive validity requires an animal model to accurately show the same response that human demonstrates when exposed to a certain class of drugs \[[@B16]\]. Second, in drug development, predictive validity also refers to the animal model\'s ability to identify drugs that may be beneficial to humans \[[@B95][@B96]\].

It is difficult to validate an animal model of autism using the first concept because of the absence of etiology-directed treatments in the market. For the past decades, the progress of drug discovery for autism has been dragging and is often a result of the slipstream of the psychopharmacology of another psychiatric disorder. Although newer medications are relatively successful in controlling the behavioral aberrations observed in autism ([Table 2](#T2){ref-type="table"}), attempts to address its core symptoms are just still attempts \[reviewed in [@B97]\]. The second concept, however, allows researchers to accelerate the progress of drug development through discovering drug targets and testing candidate compounds for efficacy, safety, and pharmacokinetic properties \[[@B72]\].

Environmental Enrichment
------------------------

Evidence of environmental enrichment enhancing the performance of rats in various learning tasks \[[@B98][@B99]\] and social behavior \[[@B100]\] has led to the hypothesis that it can also be beneficial to brain-damaged animals \[[@B101]\]. Studies resulted in an overwhelming affirmation of this hypothesis \[[@B102][@B103][@B104]\]. In humans, exercise and behavioral stimulation are found to enhance brain plasticity and optimize health and cognitive function \[reviewed in [@B105]\]. Studies involving environmental enrichment, therefore, might be beneficial to neurodevelopmental disorders.

Schneider et al. \[[@B101]\] performed pre- and post-weaning environmental enrichment in VPA rats, as it was shown to induce a strong stimulatory effect on rat development \[[@B106][@B107]\]. From day 7 to 21, rats underwent intensive multisensory stimulation. After the rats had been weaned, from day 22 to 35, they were housed in a cohort of 12 in a box filled with toys that was changed every two days. Results demonstrated that environmental enrichment alleviated the increased locomotor and stereotypic/repetitive-like activity in VPA-exposed rats, as well as enhanced their social behaviors.

Donepezil
---------

Acetylcholine is associated with a number of neurological processes like cognition, memory, neurotransmitter release, to name a few \[[@B108][@B109][@B110]\]. The dysregulation of acetylcholine (ACh), a dynamic mediator of neurotransmission and neuronal development in the brain \[[@B108][@B111]\], is commonly observed in the brain of many ASD patients \[[@B112][@B113]\] and is currently being linked to the development of behavioral symptoms in autism. This implication prompted us to further investigate the possible role of ACh in ASD using Donepezil, a cholinergic modulator, which is most useful in dementia associated with Alzheimer\'s disease. This modulation of the cholinergic system can be a new therapeutic target for ASD.

Using mice models, we administered donepezil hydrochloride monohydrate (0.3 mg/kg bw) intraperitoneally to VPA-treated mice from postnatal day 14 to 40, once daily. We observed no abnormal symptoms or toxic effects in the treated group. Subchronic treatment with donepezil increased the sociability index of mice subjects, measured through an adapted three-chamber assay. Donepezil-treated VPA mice also showed lowered repetitive and hyperactive behavior \[[@B77]\].

Ciproxifan
----------

The role of histaminergic system in neuropsychopharmacology was first evaluated through testing famotidine, a histamine H2-receptor antagonist in patients with schizophrenia. The result was indicative of improved sociability \[[@B114]\]. This initiated the recent growing interest in the role of histamine as a neurotransmitter and its influence on behavior in physiological and pathological conditions \[[@B115][@B116]\]. The histaminergic system has become an intriguing pharmacological target leading to the development of drugs that could act on various histamine receptors \[[@B117]\]. Because of the shared symptoms of schizophrenia and autism, studies on the use of histamine receptor modulators in treating autistic behaviors were conducted \[[@B118][@B119]\], yielding positive results.

Baronio et al. \[[@B120]\] administered H3R antagonist ciproxifan (3 mg/kg) to Swiss mice 30 minutes pre-experiment. In the three-chamber social test, treated mice had increased sociability index; while in the marble burying test, they had reduced repetitive behavior as manifested by the less number of marbles buried. By the time the ciproxifan was administered, most of the CNS developmental changes caused by VPA have reached a functional equilibrium. The authors showed that even at a later stage some of the behavioral aberrations in ASD could still be diminished \[[@B120]\]. In terms of predictive validity, this agent and its target has a potential for developing a new drug for ASD using the VPA animal model although studies regarding the role of histamine in autism are still underway.

Resveratrol
-----------

Bambini-Junior et al. \[[@B121]\] considered resveratrol, a naturally-occurring polyphenolic compound, as a potential therapeutics for autism because of its purported protective and therapeutic roles in several illnesses \[reviewed in [@B122]\]. Furthermore, resveratrol is also widely known for its antioxidant and neuroprotective properties \[[@B123][@B124][@B125]\].

In their study, pregnant Wistar rats received daily subcutaneous injections of resveratrol (3.6 mg/kg) from E6.5 to E18.5 while VPA was administered in E12.5. Rats prenatally exposed to VPA and resveratrol scored similar to that of the control group in sociability and social novelty preference indices, compared to rats treated only with VPA. Their finding was suggestive of the counteracting effects of resveratrol to the development of autistic-like behaviors induced by VPA. The authors further suggested that a global approach should be taken in investigating the physiological effects of both VPA and resveratrol, as prevention of behavior aberrations of ASD may not only involve a specific brain region but is a result of an all-inclusive process. It is then essential to know whether postnatal resveratrol treatment can rescue the autistic phenotypes of VPA-exposed animals. Moreover, as a natural compound with yet unknown specific target, it might be difficult to assess the reliability and potency of resveratrol as a therapeutic compound, unless target identification studies will be conducted.

Atomoxetine
-----------

Along with the core symptoms of autism, increase in locomotor activity is also observed in VPA-induced animal model of autism. In ADHD, this hyperactive phenotype is a consequence of a dysfunction in the catecholaminergic neuronal system, particularly the dopamine and norepinephrine system \[[@B126]\]. Based on this, we evaluated the effects of methylphenidate and atomoxetine, both first-line drug treatments for ADHD, on the hyperactive phenotype of VPA-induced animal model of autism \[[@B127]\]. However, it was only atomoxetine which lowered the increase in locomotor activity in VPA-exposed rat offspring, and not methylphenidate. Deducing from the difference between methylphenidate and atomoxetine, we suggested that the neurological substrates regulating the hyperactive phenotype of VPA-induced model of ASD are different from that of legitimate ADHD cases. Additional studies are needed to confirm the target of atomoxetine in the brain, like catecholamines, to know how it normalized the locomotor activity in the ASD model.

Korean red ginseng (KRG)
------------------------

Due to concerns about the potential teratogenicity of ginseng, only a few studies have been done using its extracts during pregnancy. However, a recent study claimed that ginseng doesn\'t result to embryo-lethality or teratogenicity in experimental animals \[[@B128]\]. This study and the reports of ginseng extracts attenuating dioxininduced testicular toxicity \[[@B129][@B130]\] prompted us to investigate the effects of KRG on VPA-induced neurodevelopmental toxicity \[[@B131]\]. Korean red ginseng extracts were orally administered at doses 20, 50, 100, and 200 mg/kg from E10 to E15. There were no deaths and abnormalities found in offspring of dams administered with Korean red ginseng extracts. Moreover, the group administered with 200 mg/kg of the extracts showed the greatest significant improvement of social impairment, as compared to the VPA-exposed rats. We also followed up this study by treating postnatal juvenile VPA-exposed mice with KRG (on submission) to determine whether it can have a therapeutic effect, aside from its protective effect. KRG at 50, 100 or 200 mg/kg were given orally once a day for seven days prior to the battery of experiments and continued until the termination of the experiments. Remarkably, the results have shown 200 mg/kg of KRG as an optimum dose by having rescued the impairments in social and locomotor activities and repetitive behaviors in VPA-exposed mice. It is then important to identify the pathway where KRG normalizes the behavior of mice as a proof of concept for drug development.

CONCLUSION
==========

To our knowledge, this is the first review article that discusses in detail the validity of VPA animal model of autism. ASD is extremely heterogeneous in its etiology and presentation of symptoms, which gives it the umbrella term \'Spectrum Disorders\'. While it is impossible for the VPA animal model of autism to recapitulate the entire set of signs and symptoms found in individuals with ASD, we still recognize it as an invaluable tool for deciphering the highly-intricate functioning of the human brain and in rushing the discovery of valid treatments, at least for some fraction of the patients sharing the molecular and physiological changes with the model ([Fig. 2](#F2){ref-type="fig"}).

Since autism is a multifactorial disease, all animal models, including the VPA animal model, can only be treated as mimicking an aspect of the entirety of the etiology of autism, termed as a reductionist\'s view \[[@B65]\]. Truly, not all cases of ASD can be traced to VPA exposure; however, this supposed exposure may share the same pathway with other etiological factors leading to the development of the disease. The model can further take advantage of the current advanced technologies and techniques to confidently outline the mechanistic pathways of VPA\'s effect to the fetal brain. Making the story more complex, VPA also affects ERK activity, GSK-3beta phosphorylation status, folate cycling, and PPAR-alpha and delta activity, which may in part contribute to the manifestation of autistic traits. The multiplicity of the targets modulated by VPA implicates that care should be taken in data interpretation, especially when investigating the therapeutic potential of candidate molecules.

The VPA model aims to uncover the pathophysiology of the complex ASD from the environmental risk factor perspective, which could also co-occur with the genetic susceptibilities. Additionally, the interaction of both environmental and genetic risk factors for ASD will be an important area of investigation in which the complementary contribution of the two factors could enhance the etiologic strength to achieve a pathologic state in the brain and behavior.

The VPA model offers high face validity since it appropriately replicates, though in approximation, the disturbed behavior in individuals with ASD. Findings in the social behavior paradigms used in VPA animal models were reminiscent of the social deficiency in humans. Stereotypic/repetitive behaviors could also be observed and quantified in both humans and animals with and without stimulation. However, assessment of the increased repetitive behaviors of the VPA animal model varies between laboratories. It is only essential to have a unifying measurement for repetitive behaviors in an animal model to create a standard of evaluation for this symptom. Some comorbidities seen along with the core symptoms of ASD are replicated by the model. The presence of these comorbidities hints that VPA may have global neurologic effects beyond the established scope of ASD. Like any other animal models, the ASD animal model has restrictions in its translation to clinical settings. For example, the extent of the similarities shared between motor stereotypies observed in animals and the more characteristic autistic stereotypies is still an unresolved issue \[[@B132]\]. Also, observing social communication deficits is yet to be expanded, like characterizing the types and social functions of USVs in rodents \[[@B133]\]. Of course, in every VPA animal model, the replication of the core symptoms of ASD precedes the molecular investigations of how VPA induces ASD-like phenotypes. Experimental designs must also be chosen appropriately to effectively link the resemblance of the animal behavior to the human disorder.

To date, pharmacologic treatment addressing the core symptoms of ASD is still elusive, making judgments on predictive validity even more challenging. However, this model proves to be an excellent tool for testing new drug targets and developing novel behavior and drug therapies. Indeed, the results have been encouraging. So far, the possible targets to modulate the social and repetitive behaviors of VPA animal models include NMDA receptor agonists, AChE inhibitors, and histamine antagonist. Interestingly, the preclinical testing of nutraceuticals such as resveratrol and Korean red ginseng, has also yielded positive results in preventing and normalizing the effects VPA in the developing offspring. We can infer that the complementary effects and various targets of the known and yet unknown functions of nutraceuticals would be beneficial to a complex disease such as ASD. Additionally, the testing of other drug entities for the comorbid symptoms of ASD will greatly improve the quality of life of patients, as well as easing the burden of their families.

Overall, as a valid investigative tool, it is only appropriate to focus more on the interpretation of the data extracted from the VPA model of autism, and not on its supposed \"truth.\" These data can be interpreted alongside with the information generated from other models of autism. As van der Staay says, \"No animal model can be valid in all situations, in all purposes.\"
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![The validity of VPA animal model at a glance. Construct validity constitutes the similarity of the etiological factors underlying the disorder between the animal and the human disease that it models. VPA induces ASD both in human and animals. The etiological mechanism may involve changes in epigenetic marks, expression level of genetic determinants as well as brain lesion. The recapitulated disease endophenotypes or biologic markers are assessed for face validity, which shows consistency with human ASD phenotypes. Finally, predictive validity evaluates the treatment response (and disease mechanisms as well as target predictive capability) of the model either to assess its sameness with the human response or to measure its ability to identify drugs beneficial to human. In VPA animal model, known drugs and many drug candidates has been assessed for the applicability as potential therapeutics. MOA, mechanism of action; POC, proof of concept.](en-24-285-g001){#F1}

![Heterogeneity of ASD etiology and symptoms necessitate multiple models. ASD is portrayed as continuous spectrums of several traits including core and comorbid symptoms, which is schematically represented as sunlight through the prism. Regardless of the extreme heterogeneity, we may re-group ASD patients into several categories with shared symptoms and molecular changes in the future, which we like to call \"Rainbow\" of ASD. In this sense, we might need multiplicity of animal models, which represents one or two groups of ASD more closely than others, possibly with some overlap with other models. The VPA animal model of ASD will be a representative member of \"Rainbow\" of animal models for ASD, which might be helpful for the development of group-specific drugs against the devastating disorder.](en-24-285-g002){#F2}

###### Construct validity of VPA animal model of ASD
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Pathways affected by VPA and their supposed mechanism include oxidative stress, histone deacetylase inhibition, excitatory/inhibitory imbalance, and hyperserotonemia.

###### Predictive validity of VPA animal model of ASD
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Pharmacological treatments, such as donepezil, ciproxifan, resveratrol, atomotexetine and Koreand red ginseng, to VPA animal model of ASD and their effects on animals.
